Eucalyptol (1,8-cineol), the major ingredient in the essential oil of eucalyptus leaves and other medicinal plants, has long been known for its anti-inflammatory properties. Eucalyptol interacts with the TRP cation channels among other targets, but it is unclear which of these mediates its anti-inflammatory effects.
Introduction
Eucalyptol (1,8-cineol) is the major medicinally active component of Eucalyptus essential oil, and it is present in other plant extracts used for medicinal purposes since antiquity, including myrtle, camphor, rosemary and sage oils (Hippocrates and Adams, 1886; Dymock et al., 1972; Barr, 1988) . Eucalyptol-containing products are widely used as a remedy for symptoms of the common cold and other respiratory infections and for alleviating pain (Juergens, 2014) . In animal studies, eucalyptol was shown to counteract carrageenan-induced oedema formation, acid-, formalin-and heat-evoked pain behaviour, gastric injury, colitis, allergeninduced bronchoconstriction and inflammation, respiratory irritation due to inhalation of smoke irritants and endotoxin-induced pulmonary inflammation and liver failure Rao, 2000, 2001; Santos et al., , 2004 Liapi et al., 2007; Bastos et al., 2009; Nascimento et al., 2009; Willis et al., 2011; Liu et al., 2013b; Zhao et al., 2014; Ha et al., 2015; Rocha Caldas et al., 2015) . Clinical studies administering eucalyptol observed anti-inflammatory effects in asthmatics, alleviation of symptoms of rhino-sinusitis and reduced chronic obstructive pulmonary disease (COPD) exacerbations (Juergens et al., 2003; Kehrl et al., 2004; Worth et al., 2009; Juergens, 2014) . Standardized preparations of essential oils containing eucalyptol as a major component had similar clinical effects (Meister et al., 1999) .
Eucalyptol interacts with transient receptor potential (TRP) ion channels such as TRPM8, the cold/menthol receptor in peripheral sensory neurons, and TRPA1, an irritant receptor expressed in nociceptors (McKemy et al., 2002; Takaishi et al., 2012; Liu et al., 2013a) . Eucalyptol is an agonist of TRPM8 channels and these channels are essential for at least some of eucalyptol's analgesic actions, as eucalyptol was shown to inhibit acid-induced visceral pain in wild-type mice, but not in TRPM8-deficient mice (Liu et al., 2013b) . Analgesia mediated by TRPM8 channels is likely to involve activation of central inhibitory circuits activated by input from TRPM8 channel-expressing peripheral neurons (Proudfoot et al., 2006; Liu et al., 2013b; Vinuela-Fernandez et al., 2014) . TRPA1 channels are inhibited by eucalyptol and eucalyptol diminished pain elicited by application of TRPA1 channel agonists to human skin (Liu et al., 2013a; Takaishi et al., 2012; Takaishi et al., 2014) .
Whether interactions with TRP channels underlie eucalyptol's anti-inflammatory effects remains unclear. TRPM8 channels were essential for the suppression of inflammation by icilin, a potent TRPM8 channel agonist, in mouse models of colitis (Ramachandran et al., 2013) . Inhibition of TRPA1 channels can also suppress inflammatory responses, as observed in animal models of asthma, dermatitis, arthritis and other inflammatory conditions (Escalera et al., 2008; Caceres et al., 2009; Bautista et al., 2013; Liu et al., 2013a; Rocha Caldas et al., 2015) . Several studies have shown that eucalyptol may also engage targets in the immune system (Juergens, 2014) . Eucalyptol interfered with arachidonic acid metabolism in blood monocytes of asthma patients, inhibited LPSinduced IL-1β production in human monocytes, suppressed LPS-induced production of nitric oxide in a macrophage cell line and diminished LPS-induced expression, translocation and transcriptional activities of early growth response factor 1 and NF-κB in human cell lines (Juergens et al., 1998a,b; Zhou et al., 2007; Kim et al., 2015) . Finally, eucalyptol also has antioxidant and antimicrobial activity that may contribute to its antiinflammatory effects in some pathological conditions (Keinan et al., 2005; Hendry et al., 2009; Sadlon and Lamson, 2010; Greiner et al., 2013) .
The aim of the present study was to examine the role of TRPM8 channels in the anti-inflammatory effects of eucalyptol in mouse models of inflammation replicating the most common conditions for which treatment with eucalyptol is frequently advised: pain accompanied by tissue swelling and respiratory inflammation. Eucalyptol treatment of mice strongly inhibited tissue oedema and inflammatory cytokine production elicited by paw injection of complete Freund's adjuvants (CFA) and prevented neutrophil infiltration and cytokine production in lungs of LPS-exposed animals. While TRPM8 channel-deficient mice developed normal inflammatory responses in these models, the anti-inflammatory effects of eucalyptol were significantly diminished. These findings suggest that TRPM8 channels are the key mediators of eucalyptol's anti-inflammatory effects and reinforce the notion that development of selective and potent agonists of TRPM8 channels may yield novel analgesic and anti-inflammatory therapeutic agents. 
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Methods
Mice
All animal care and experimental procedures were approved by the Institutional Animal Care and Use Committees. Mice were housed in facilities accredited by the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC) under standard environmental conditions (12 h light-dark cycles and 23°C). Food and water were provided ad libitum. A total of 165 mice were used in the studies presented here. Animal studies are reported in compliance with the ARRIVE guidelines (Kilkenny et al., 2010; McGrath and Lilley, 2015) . Trpm8 À/À mice were a gift from David Julius (University of California, San Francisco, CA, USA) and were transferred to Charles River Laboratories (Wilmington, MA, USA) for marker-assisted backcrossing (Max-Bax Speed Congenics) into C57BL/6 background (C57BL/6NCrl, Strain Code 027), confirming >99.9% strain congenicity after 12 crosses (Bautista et al., 2007; Liu et al., 2013b) . Animals were then imported by embryo transfer into the Duke Laboratory Animal Resources breeding facility. C57BL/6 wild-type founders were purchased from parent strain stock from Charles River Laboratories (C57BL/6NCrl, Strain Code 027) and bred in the same room to provide wild-type control animals raised under identical conditions. Mice were identically matched for age (8-12 weeks) and sex and randomly distributed into the required number of experimental groups by breeding facility personnel before transfer into the research housing space.
CFA-induced skin inflammation/paw swelling CFA was injected (10 μL) into the plantar surface of the right hind paw. Saline was injected in control mice. von Frey hair analysis of mechanical allodynia in CFA-injected mice
Mice were habituated for 45 min to the wire mesh screen surface before testing. Paw withdrawal thresholds were determined using a series of von Frey filaments (0.008 to 6.00 g) pressed against the plantar surface of the hind paw in ascending order beginning with the finest fibre, following standard procedures (Chaplan et al., 1994; Liu et al., 2013b (Hirano, 1997; Santos et al., 2006) . Control animals received vehicle (corn oil) at the same intervals above.
Collection and analysis of bronchoalveolar lavage (BAL) fluid BAL was performed by cannulation of the trachea and gentle instillation/aspiration (three times) of 1.0 mL of PBS with 0.1% BSA and protease inhibitors (Roche, Indianapolis, IN) as published before (Caceres et al., 2009) . The lavage fluid was centrifuged at 1500 × g for 5 min, and the supernatant was frozen at À80°C for later assessment of cytokines and myeloperoxidase (MPO) activity. The cell pellet was treated with red-blood-cells lysing buffer (BD Biosciences, San Diego, CA, USA), washed and resuspended in 200 μL of PBS. Total cell counts were determined with a haematology analyser (Scil Vet ABC, Gurnee, IL, USA), spun onto cytoslides (Cytospin 3, Shandon Inc, Pittsburg, PA, USA) and stained with Diff-Quick (Dade-Behring Inc., Newark, DE, USA). Differential cell counts were obtained by microscopic counting of a minimum of 200 cells per slide and using standard morphological and staining criteria.
Quantitative analysis of cytokines and chemokines in BAL fluid
Cytokines and chemokines in the BAL fluid were measured using the Luminex xMAP technology. Analyte levels were determined using a Milliplex MAP mouse cytokine/ chemokine kit (Millipore, Billerica, MA, USA) following the manufacturer's instructions. Briefly, 50 μL of BALF were added in duplicate to each well of a 96-well plate. Antibody-conjugated beads solution was added to each well and incubated in the dark prior to incubation with the biotinylated detection antibody specific for each analyte. Fluorescence intensity was determined by incubation with streptavidin-phycoerythrin solution. All readings were carried out using a Luminex 200 analyzer (Luminex, Austin, TX, USA). MPO activity in the BAL fluid was assayed using a chlorination assay kit (Cayman Chemical Company, MI, USA).
RNA extraction and cDNA synthesis
After obtaining the BAL, lungs were perfused with PBS, surgically removed and snap-frozen by immersion in liquid nitrogen. Total RNA was isolated from the tissue homogenates of each sample using the RNeasy Mini Kit 50 (Qiagen, MD, USA). The homogenization of all the tissues in Buffer RLT with 2-mercaptoethanol was carried out in a NextAdvance bullet blender (max speed, 5 min). cDNA synthesis was performed from 500 ng of RNA right after the RNA isolation following the manufacturer's instructions (High Capacity Reverse Transcription Kit, Applied Biosystems).
Real-time PCR (qPCR)
TaqMan® Gene Expression Assays from Applied Biosystems (Foster City, CA, USA) were used for expression assessment. About 20 μL reactions contained 10 μL of TaqMan Fast Universal PCR Master Mix (2×), 1 μL of the specific TaqMan assay, 1 μL cDNA and water up to 20 μL. Real-Time PCR was performed on a LightCycler 480 (Roche, Indianapolis, IN) with cycling parameters of 10 min initial denaturation at 95°C, followed by 45 cycles at 95°C for 15 s and 1 min at 60°C. Each reaction was performed in triplicate and normalized to the endogenous 18S and Act-b gene expression. The CT value of each well was determined using the LightCycler 480 software, and the average of the triplicates was calculated. The relative quantification was determined by the ΔΔCT method (Livak and Schmittgen, 2001 
Data and statistical analysis
The data and statistical analysis in this study comply with the recommendations on experimental design and analysis in pharmacology (Curtis et al., 2015) . Data in bar graphs are expressed as means ± SEM. Statistical comparisons were made between groups using Student's t-test (for comparison between two groups) or one-way ANOVA (for comparison among ≥3 groups) followed by Tukey's post hoc test, with values of P < 0.05 considered significant.
Materials
Eucalyptol (1,8-cineol) was purchased from Acros Organics (Pittsburgh, PA, USA), LPS (Escherichia coli, 0111:B4) from Calbiochem (Darmstadt, Germany), 2-hydroxy-1,8-cineol (CAS 60761-00-4) from Alfa Chemistry (Stony Brook, NY, USA), Ibuprofen from Sigma (St. Louis, MO, USA), CFA from Rockland Immunochemicals (Gilbertsville, PA, USA) and corn oil from Sigma (C-8267).
Results
Inhibition of tissue oedema by eucalyptol in the mouse CFA model
Eucalyptol-containing medicinal preparations are often used to treat inflammatory tissue swelling and pain. We therefore examined the effects of eucalyptol in the mouse CFA model in which CFA is injected into the mouse hind paw, eliciting tissue oedema and hypersensitivity to mechanical stimulation. Changes in mouse paw volume were determined 2, 4, 24 and 48 h after CFA injection ( Figure 1A ). For eucalyptol treatment, the dose (30, 100 or 300 mg·kg À1 , i.p.) and regimen were chosen based on published protocols effective in rodent inflammation models (Santos et al., , 2004 Zhao et al., 2014) . Animals were treated with eucalyptol BJP A I Caceres et al.
30 min before CFA injection and again 6, 24, 30 and 48 h after CFA injection for a total of five times for each group ( Figure 1A) . Injection of CFA induced robust swelling lasting until the endpoint (48 h) of our observations ( Figure 1B) . Comparison of paw volumes measured 2 h after CFA injection showed that 100 and 300 mg·kg À1 eucalyptol effectively reduced paw swelling ( Figure 1B ). The higher eucalyptol dose (300 mg·kg À1 ) suppressed tissue swelling throughout the 48 h time course, so we chose this dose for the subsequent experiments ( Figure 1B ).
TRPM8 channels are essential for the anti-inflammatory effects of eucalyptol in the CFA model
After establishing the efficacious dose for eucalyptol in the CFA model, we compared eucalyptol's anti-inflammatory and analgesic effects in wild-type and Trpm8 À/À mice.
Trpm8
À/À mice developed a similar degree of hind paw swelling upon CFA injection as wild-type mice (Figure 2A, B) . However, eucalyptol (300 mg·kg À1 , i.p.) was completely ineffective for suppressing paw swelling in TRPM8 channel-deficient mice (Figure 2A , B, P > 0.05). In contrast to eucalyptol, ibuprofen (30 mg·kg À1 , i.p.) was equally effective in suppressing paw swelling in wild-type and Trpm8 À/À mice, suggesting that other anti-inflammatory pathways remain intact in mice lacking TRPM8 channels ( Figure 2B , C). We also compared the weights of skin punch biopsies obtained from CFA-injected hind paws of wild-type and Trpm8 À/À mice, excised 50 h after CFA injection and 2 h after the last treatment injection. Both eucalyptol and ibuprofen suppressed the increase in biopsy weights in wildtype mice, whereas eucalyptol was ineffective (P > 0.05) in skin biopsies from Trpm8 À/À mice ( Figure 2D ).
Mice develop robust mechanical allodynia in the CFA model. Using von Frey hair analysis, we tested whether eucalyptol would diminish mechanical allodynia in this model, and whether this effect is altered in Trpm8 À/À mice.
Eucalyptol treatment (regimen as above, Figure 1A ) strongly reduced paw withdrawal thresholds to a similar degree as ibuprofen, measured 24 h after CFA injection (Figure 3) . In Trpm8 À/À mice, eucalyptol was ineffective (P > 0.05), while ibuprofen retained its analgesic effect (Figure 3 ). CFA also triggers the production of key pro-inflammatory cytokines. We examined the effects of eucalyptol on cytokine levels in hind paw skin biopsies from the CFA-treated mice. Using ELISA, we detected markedly increased levels of TNF-α, IL-1β and IL-6 in hind paw skin homogenates of CFA-treated wild-type mice. Eucalyptol inhibited the production of these cytokines in wild-type mice (Figure 4) . In Trpm8 À/À mice, CFA injection caused increases in TNF-α, IL-1β and IL-6 to similar levels as observed in wild-type mice. However, eucalyptol treatment (300 mg·kg À1 , i.p.) did not reduce the levels of any of these inflammatory cytokines in TRPM8 channel-deficient mice (Figure 4 , P > 0.05). Ibuprofen significantly reduced the levels of IL-1β, IL-6 and TNF-α in skin homogenates from both wild-type and Trpm8 À/À mice treated with CFA ( Figure 4 ). Taken together, these results show that TRPM8 channels are crucial for both the anti-inflammatory and analgesic effects of eucalyptol in the mouse CFA model.
Mitigation of LPS-induced pulmonary inflammation by eucalyptol is dependent on TRPM8 channels
Eucalyptol is frequently used to counteract respiratory inflammation and discomfort due to the common cold and other respiratory infections, as well as in asthma and COPD (Bastos et al., 2009) . To study the actions of eucalyptol in the respiratory system, we used the mouse LPS model of ALI, a model in which LPS (10 μg in 40 μL of sterile saline) is instilled intranasally to mimic respiratory infections or environmental exposures to endotoxins. Respiratory inflammation was monitored by measurements of leukocyte concentrations in BAL, levels of cytokines in bronchoalveolar lavage fluid (BALF) and whole lung and MPO activity as a measure of neutrophil function. As described earlier (Zhao et al., 2014) , eucalyptol (200 mg·kg À1 ) was injected 12 and 1 h prior to LPS instillation and also 8 and 23 h thereafter, with responses analysed 24 h after ( Figure 5A ). In wild-type mice, eucalyptol treatment strongly reduced neutrophil counts in BALF of LPS-exposed animals ( Figure 5B ). MPO enzyme activity was also diminished by eucalyptol treatment The control group (Control) received saline injection into the hind paw instead of CFA and treatment with vehicle (corn oil) thereafter. n = 6-8 mice per group. # P < 0.05, significantly different from control group; *P < 0.05, significantly different from CFA + Veh group, one-way ANOVA.
Target of eucalyptol's anti-inflammatory effects BJP
(Supporting Information Figure S1 ). Eucalyptol decreased protein concentrations and gene transcription of key proinflammatory cytokines in BALF, including TNF-α, IFN-γ, KC, IL-6 and G-CSF, measured by ELISA in BALF and quantitative real time PCR of cDNA prepared from whole lungs after BAL and perfusion ( Figures 5C and 6A ). The antiinflammatory effects of eucalyptol in this model were absent in Trpm8 À/À mice ( Figures 5B, C and 6B ).
Figure 2
Comparison of the effects of eucalyptol on CFA-induced paw oedema in wild-type and Trpm8 À/À mice, with animals treated as in Figure 1A . ( 
Trpm8
À/À mice of control group (no CFA), CFA groups treated with vehicle, eucalyptol or ibuprofen respectively. Tissues were collected 50 h after CFA injection from mice tested in Figure 2B , C. n = 6-8 mice per group. # P < 0.05, significantly different from control group, *P < 0.05, significantly different from CFA + Veh group, NS, no significance (P > 0.05), one-way ANOVA.
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The treatment protocol for eucalyptol we used specified two pretreatment injections, administered 12 and 1 h prior to LPS instillation (Zhao et al., 2014) . We then tested eucalyptol injections given after LPS instillation for their effects, injecting eucalyptol 1 and 6 h after LPS (200 mg·kg À1 each). This treatment protocol failed to suppress inflammatory responses (Supporting Information Figure S2 , P > 0.05).
It remains unclear whether TRPM8 is transcribed and expressed locally in the lung where it may contribute to eucalyptol's anti-inflammatory effects. Using two quantitative PCR hydrolysis probes covering key sequences of the cDNA of TRPM8 wild-type and reported variants (Mm01299593_m1 and Mm00454566_m1), we found TRPM8 transcripts to be undetectable in cDNA prepared from mouse whole lungs (Figure 7 , Supporting Information Figure S3 ). In contrast, cDNA of TRPV4, a TRP ion channel expressed in lung epithelial and vascular cells, was readily detectable (Figure 7 ). cDNA obtained from peripheral sensory ganglia (trigeminal and dorsal root ganglia) contained very high levels of TRPM8 transcripts, confirming the utility of the probes used and the highly selective expression of TRPM8 channels in sensory neurons (Figure 7 , Supporting Information Figure S3 ). Levels of TRPA1 and TRPV1 transcripts in sensory ganglia did not show significant differences between wild-type and Trpm8
À/À mice (Supporting Information Figure S4 , P > 0.05).
Dose-response relationship of human TRPM8 channels to eucalyptol and their sensitivity to the major eucalyptol metabolite, 2-hydroxy-1,8-cineol
The effective dosages of eucalyptol used in clinical trials are lower than the doses required to suppress inflammation in mice in our study and in previous rodent studies. This may be due to different dose-response relationships of eucalyptol with rodent and human TRPM8 channels. While the EC 50 of eucalyptol for mouse TRPM8 channels was determined as 7.7 ± 2.0 mM (Behrendt et al., 2004) , the dose-response relationship of eucalyptol-induced activation of human TRPM8 channels has not been published. We therefore used calcium fluorimetry to analyse eucalyptol's dose-response relationship for agonism of human TRPM8 channels expressed in HEK293T cells. Eucalyptol activated human TRPM8 channels with a much lower EC 50 than that for the mouse channels ( Figure 8A, C) .
Eucalyptol is metabolized to compounds that persist in human tissues for a long time after dosing. Some of these metabolites resemble both eucalyptol and menthol, but it is not known whether they also activate TRPM8 channels.
Figure 4
Influence of eucalyptol treatment on CFA-induced inflammatory cytokines in hind paw skin of wild-type and Trpm8 À/À mice. Mice were treated (i.
p.) with vehicle (Veh, corn oil), eucalyptol (Euc, 300 mg·kg À1 ) or ibuprofen (Ibu, 30 mg·kg À1 ) as in Figure 1A . Hind paw biopsies were collected 50 h after CFA injection, and levels of IL-1β, IL-6 and TNF-α were determined by ELISA in tissue homogenates. # P < 0.05, significantly different from control group; *P < 0.05, significantly different from CFA + Veh group, NS, no significance (P > 0.05), one-way ANOVA. n = 6-12 mice per group.
Figure 3
Effects of eucalyptol on CFA-induced mechanical allodynia in wildtype and Trpm8 À/À mice, measured by von Frey hair analysis (administration as in Figure 1A ). Testing was performed 26 h after CFA injection, 2 h after the mice received the third treatment of vehicle (Veh, corn oil), eucalyptol (Euc, 300 mg·kg À1 ) or ibuprofen (Ibu, 30 mg·kg À1 ). # P < 0.05, significantly different from control group; *P < 0.05, significantly different from CFA + Veh group, NS, no significance (P > 0.05), one-way ANOVA. n = 6-12 mice per group.
Target of eucalyptol's anti-inflammatory effects BJP
We examined the effects of 2-hydroxy-1,8-cineol, the major metabolite of eucalyptol, on human TRPM8 channels by calcium fluorimetry. 2-hydroxy-1,8-cineol activated hTRPM8 channels with an EC 50 of 220 μM (140-340 μM, 95% CI) and lower efficacy than eucalyptol ( Figure 8B ). In contrast to human TRPM8 channels, the rodent orthologues (rat and mouse) responded to eucalyptol only at higher concentration, with EC 50 s around 1 mM ( Figure 8C ).
Discussion and conclusions
In the present study, we examined the anti-inflammatory effects of eucalyptol in two mouse models of inflammation and explored the involvement of TRPM8 channels as potential mediators of the actions of eucalyptol. Eucalyptol effectively reduced paw oedema and cytokine production in the CFA-induced mouse model of inflammatory pain. Eucalyptol also attenuated inflammation, leukocyte infiltration, MPO activity and cytokine production in the lungs of LPS-exposed mice. Anti-inflammatory effects of eucalyptol were completely absent in TRPM8 channeldeficient mice, suggesting an important role of TRPM8 channels in this therapeutic activity.
Eucalyptol also exhibited strong analgesic effects. In the CFA model, eucalyptol significantly attenuated mechanical allodynia. This analgesic effect was abolished in TRPM8 channel-deficient mice. This finding in a model of inflammatory pain correlates with our previous observations in an acute pain model induced by i.p. injection of acetic acid in which eucalyptol or L-menthol effectively reduced nocifensive behaviour through a TRPM8 channel-dependent mechanism (Liu et al., 2013b) . While eucalyptol analgesia was absent in TRPM8 channel-deficient mice, the analgesic and anti-inflammatory effects of ibuprofen were retained, suggesting no general defect in analgesic pathways in this mouse strain.
In addition to TRPM8 channels, eucalyptol is known to interact with other TRP ion channels. For example, eucalyptol was found to inhibit mouse and human TRPA1 channels activated by the noxious agonist, mustard oil, in vitro, and may counteract pain induced by a TRPA1 channel agonist in human subjects, when applied topically (Takaishi et al., 2012; Liu et al., 2013b) . However, this outcome can also be explained by eucalyptol acting on TRPM8 channels and exerting analgesia of TRPA1-mediated noxious sensations. As demonstrated in several recent studies, TRPA1 channels are key mediators of CFA-induced pain and inflammation, the model also used in the present study (da Costa et al., 2010; Fernandes et al., 2011; Lennertz et al., 2012) . If TRPA1 channels were the direct anti-inflammatory and analgesic targets of eucalyptol, eucalyptol's effects would have been retained in Trpm8 À/À mice. However, this was not the case suggesting that, in the mouse, TRPM8 channels are the more likely analgesic and anti-inflammatory pharmacological target of eucalyptol. This conclusion applies to the systemic administration with eucalyptol in the present study. It remains possible that other pathways, including inhibition of TRPA1 channels, could contribute to the analgesic effects of eucalyptol when large dosages are applied topically (Takaishi et al., 2012) . Assuming equal distribution without any metabolism in a mouse of 25 g body weight, the effective tissue levels of eucalyptol at the dose given in our present study would not exceed 3.2 mM. While this concentration will maintain activity at TRPM8 channels, eucalyptol is metabolized at a significant rate, effectively reducing its tissue levels. According to the dose-response analysis in the present study (mouse TRPM8 channels EC 50 = 924.5 μM) and in other studies, this concentration would maintain significant activity at mouse TRPM8 channels (Behrendt et al., 2004 ). However, mice metabolize eucalyptol quite rapidly with an initial half-life of 6 min for similar dosages (Kovar et al., 1987) . These limitations may explain why eucalyptol is only effective in rodents when administered prophylactically, and not when administered when inflammation is already established.
In human patients, eucalyptol is administered orally or inhaled as a vapour. In clinical trials in bronchitis, COPD and asthma patients 200 mg were dosed three times per day for 12 weeks, reducing cough frequency, exacerbations and dyspnoea and improving lung function (Juergens et al., 2003; Worth et al., 2009; Fischer and Dethlefsen, 2013) . Our dose-response analysis revealed that eucalyptol is a significantly more potent agonist of human TRPM8 channels (EC 50 = 120.4 μM) than of mouse TRPM8 channels (EC 50 = 924.5 μM) or rat TRPM8 channels (EC 50 = 1.21 mM), suggesting that the lower dosages of eucalyptol used in human clinical trials may indeed be sufficient to activate human TRPM8 channels and counteract inflammation, even when administered when inflammation is already established. Eucalyptol and its metabolites can still be detected at significant levels in human body fluids, some hours after dosing (Kirsch and Buettner, 2013) . Some of eucalyptol's major metabolites such as 2-hydroxy-1,8-cineol used in the present study structurally resemble eucalyptol and menthol (Madyastha and Chadha, 1986; Horst and Rychlik, 2010) . 2-hydroxy-1,8-cineol activated human TRPM8 channels suggesting that persistent eucalyptol metabolites may prolong the anti-inflammatory and analgesic effects of eucalyptol.
The mechanism through which activation of TRPM8 channels suppresses inflammation remains poorly understood. These ion channels are mainly expressed in the peripheral sensory neurons responding to cool thermal stimuli, menthol and other cooling natural or synthetic products (McKemy et al., 2002) . Recent studies observed that input from TRPM8 channel-expressing neurons excited central inhibitory interneurons that act as a gate to control behaviour elicited by noxious and pruritic stimuli (Kardon et al., 2014) . Along the same lines, eucalyptol, through activation of TRPM8 channels, may strengthen a central neuronal gate controlling neuronallydriven inflammatory responses elicited by C-fibres expressing TRPA1 and TRPV1 channels that trigger the release of pro-inflammatory neuropeptides and transmitters in the CFA model examined in our study and also promote pulmonary inflammatory responses (Petrus et al., 2007; Caceres et al., 2009; Lennertz et al., 2012) . Subsets of TRPM8 channel-positive fibres were shown to contain CGRP that, in some inflammation models, inhibits the activity of pro-inflammatory immune cells (de Jong et al., Figure 6 Cytokine transcripts analysed by quantitative real time qPCR in cDNA from whole lungs of LPS-and vehicle-exposed mice treated and untreated with eucalyptol. (A) Impaired induction of cytokines in Trpm8 À/À mice treated with eucalyptol before and after intranasal LPS administration. (B)
Unaltered expression of cytokines in Trpm8 À/À mice treated with eucalyptol before and after LPS exposure. (n = 4-6 mice per group). *P < 0.05, significantly different as indicated.
Figure 7
Comparison of TRPV4 and TRPM8 expression in lung and sensory ganglia. Averaged relative quantities (RQ) of TRPV4 and TRPM8 transcript levels were measured by real-time Taqman PCR of cDNA from whole lung, DRG and TG of wild-type mice. We used one TRPV4 Taqman probe (mTRPV4: Mm00499025_m1, 25) and two mTRPM8 probes covering different cDNA segments (mTrpm8: Mm01299593_m1, 93 and mTrpm8: Mm00454566_m1, 66). Actin was used as reference gene (n = 4 mice per group).
Target of eucalyptol's anti-inflammatory effects BJP 2015). While eucalyptol may also act locally -on TRPM8 channels expressed in cells in the inflamed tissue -our qPCR analysis was unable to detect significant levels of TRPM8 gene expression in pulmonary tissues or BALF cells, and no local TRPM8 transcripts were detected in the skin, the location of CFA injection (Peier et al., 2002) . In contrast, TRPM8 transcript levels in DRG and trigeminal ganglia were very high. The data confirm previous studies detecting little TRPM8 expression outside the nervous system and prostate (McKemy et al., 2002; Fonfria et al., 2006; Jang et al., 2012) . These findings favour a TRPM8-dependent neuronal mechanism, mediating the broad anti-inflammatory effects of eucalyptol in a number of tissues and disease models.
We have provided strong evidence identifying TRPM8 channels as essential for the anti-inflammatory effects of eucalyptol. TRPM8 channels may therefore represent a promising pharmacological target to counteract inflammation, in addition to analgesia and acute irritation. The development of more potent and selective TRPM8 channel agonists may yield novel anti-inflammatory therapeutic agents with lower toxicity and adverse effects than the current available options, and with improved compatibility with other treatments.
Figure 8
Comparison of eucalyptol sensitivities of TRPM8 channel species orthologues (human, mouse and rat) and determination of sensitivity of human TRPM8 channels to a eucalyptol metabolite, measured by Ca 
Supporting Information
Additional Supporting Information may be found online in the supporting information tab for this article.
http://doi.org/10.1111/bph.13760 Figure S1 Comparison of MPO activity levels in BALF from LPS-exposed mice with or without treatment with eucalyptol. *P < 0.05 (n = 4 mice per group). Figure S2 Lack of therapeutic effect of eucalyptol when administered after LPS. (A) Cell counts in BALF extracted from mice 24 h after intranasal exposure to LPS. Mice were injected i.p. with eucalyptol (200 mg·kg À1 ) 1 h after the intranasal LPS administration and a second dose was given 6 h later. (n = 4-6 mice per group) (B) BALF cytokine levels in the same mice as in (A). None of the differences were significant (P > 0.05). None of the data were significantly different (P > 0.05).
